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C/EBP-homologous protein (CHOP)/gadd153 (or CHOP) is a transcription factor induced by endoplasmic reticulum
(ER) stress. Forcible overexpression of CHOP causes apoptosis in keratinocytes in culture. Here, we asked whether
CHOP might be increased in the skin after UVB (280–320 nm) exposure, thus implicating CHOP in sunburn cell
(SBC) formation. SKH-1 hairless mice were exposed to a ultraviolet (UV) source (80 mJ per cm2;  74% UVB,
 16% UVA), and skin biopsies examined by immunohistology and immunoprecipitation. Compared with non-
irradiated epidermis, CHOP expression was significantly increased at 30 min, and reached maximal levels by 24 h.
Similar increases in CHOP following UVB exposure were observed in human buttock skin. The time course of CHOP
expression preceded SBC formation and another marker of apoptosis, caspase-3 cleavage. Intracellular CHOP
accumulated mainly in cytoplasmic and perinuclear locations, with little remaining in the nucleus. To examine
mechanisms, cultured keratinocytes were irradiated in vitro and examined by western blotting. Under conditions
that eliminated ER stress because of cell handling, CHOP did not accumulate (and was in fact decreased) in the
cells. Thus, induction of CHOP in keratinocytes requires factors present only in the native skin. Overall, the data
suggest that CHOP participates in adaptive responses of the epidermis following UVB/UVA exposure in vivo.
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In sunburn, a cutaneous reaction following excessive ex-
posure to solar ultraviolet (UV) radiation (Rosario et al, 1979;
Gange and Mendelson, 1981; Gilchrest et al, 1981), the
death of epidermal keratinocytes occurs primarily by a
mechanism of apoptosis. C/EBP-homologous protein
(CHOP)/gadd153 (or simply CHOP) is a transcription factor
with a strong connection to UV light, apoptosis, and the
development of neoplasia. CHOP was originally identified
among clones in a cDNA library derived from Chinese ham-
ster ovary cells exposed to UVC (less than 280 nm) light
(Fornace et al, 1988, 1989; Luethy et al, 1990), and was later
identified as a new member of the C/EBP family of tran-
scription factors (Ron and Habener, 1992). Recently, the
concept has emerged that CHOP gene expression is asso-
ciated with endoplasmic reticulum (ER) stress, i.e. many
drugs and toxins that damage cellular membranes and
cause protein unfolding in the ER can also trigger a signa-
ling pathway which induces CHOP expression (Wang et al,
1996; Welihinda et al, 1999). Because of its strong inducible
expression after toxic exposure and its suspected roles in
growth-arrest, cell death, and carcinogenesis, CHOP has
attracted considerable interest in the fields of toxicology
(Johnson et al, 1997; Bernstein et al, 1999) and oncology. A
specific role for CHOP has been described in the etiology of
a particular human cancer, myxoid liposarcoma, in which
CHOP is fused by chromosomal translocation to an RNA-
binding protein (Crozat et al, 1993) which leads to the un-
scheduled expression of an adipocyte-specific gene (Kur-
oda et al, 1999) that disturbs the normal functioning of
nuclear components of the cell (Thelin-Jarnum et al, 2002).
Evidence for a connection between CHOP and neoplasia in
other settings has been found in breast cancer (Arnal et al,
1999; Talukder et al, 2002) and in melanoma (Korabiowska
et al, 2002).
The notion that CHOP may be involved in UVB (280–320
nm)-damage responses in keratinocytes of the skin seems
logical, based upon the dual observations that UVB causes
sunburn (apoptosis), and that many environmental stressors
and toxins which induce CHOP, also cause apoptosis. An
optimal apoptotic response in the skin is important to elim-
inate keratinocytes with persistent DNA mutations which
might generate mutant clones and lead to the development
of actinic keratoses and skin cancer (Ziegler et al, 1994;
Rich et al, 2000). We and others have shown that forcible
overexpression of CHOP in cultured keratinocytes and
several other cell types, can induce apoptosis through
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mechanisms that seem to involve downregulation of bcl-2
and impaired handling of oxidative stress (Matsumoto et al,
1996; Maytin et al, 2001; McCullough et al, 2001). Although
it seems reasonable to ask whether CHOP participates in
apoptosis in the skin, the basic question of whether UVB
induces CHOP expression in the skin in vivo has not been
adequately addressed up to now. Most previous studies on
CHOP used non-physiologic UVC light, or when using solar-
simulated UVB (Garmyn et al, 1991, 1992), examined CHOP
mRNA but not levels of the protein.
In this study, we used two in vivo models of UVB-induced
apoptosis: hairless mouse skin, and human buttock skin.
The SKH-1 hairless mouse is a model we had previously
characterized in terms of its UVB dose–response and time
course of sunburn cell (SBC) formation in the skin (Kane and
Maytin, 1995). We describe experiments to explore CHOP
accumulation and translocation in the skin, the relationship
of CHOP expression to the development of apoptosis
in vivo, and the question of whether CHOP is inducible by
UVB exposure in monolayer keratinocyte cultures.
Results
CHOP expression is induced in the epidermis in vivo
after exposure to UVB light In these experiments, we
employed the same strain of mice (SKH-1) and doses of UV
used in our previous study of UVB exposure and apoptosis
(Kane and Maytin, 1995). Note that our light source hits
predominatly UVB ( 74%) but also as small amount of
UVA ( 16%); hereafter we refer to this as ‘‘UVB light’’.
SKH-1 mice were anesthesized and one flank was irradi-
ated using 80 mJ per cm2 of UVB (Fig 1A–D). The other flank
was left unexposed to provide a matched control for each
time point (Fig 1A0–D0, sham irradiation). At 30 min or 24 h,
the skin was biopsied and analyzed. By hematoxylin–eosin
staining, numerous SBC were detectable in the UVB-ex-
posed skin (Fig 1A), whereas none were detectable in the
sham control (Fig 1A0). Frozen sections, decorated with an-
tisera to CHOP and visualized using an immunofluorescent
probe (orange–yellow color), demonstrated a specific UVB-
induced increase in CHOP expression that was weakly de-
tectable at 30 min (Fig 1C vs C0), more pronounced at 4 h
(not shown), and strongly detectable at 24 h (Fig 1D vs D0).
To ask whether induction of CHOP by UVB in mice might
be generalizable to humans, we examined frozen sections
from samples of human skin available from an unrelated
study of UVB effects in human volunteers (C. R. Taylor, un-
published data). Immunostaining of control buttock skin re-
vealed a very low signal (Fig 1E), whereas skin biopsied at 8
h and at 24 h after UVB revealed a sharp rise in the CHOP-
specific signal (Fig 1F,G). Interestingly, brightly prominent
CHOP-positive cells were often seen at 24 h in a distribution
consistent with the appearance of SBC (Fig 1G, arrows).
Because frozen sections generally display poor morpho-
logic detail, we strove to detect CHOP immunohistologically
in paraffin-fixed tissue. An epitope-unmasking technique
was developed (see Materials and Methods) that gives a
strong, specific CHOP signal in the epidermis of paraffin-
fixed skin (Fig 2A–C). Specificity of CHOP immunostaining
was demonstrated by pre-incubation of the polyclonal an-
tisera with an epitope-specific blocking peptide, either re-
ducing (2 mg, Fig 2B) or completely eliminating (20 mg, Fig
2C) the CHOP signal. Time-course studies revealed a
marked induction in CHOP in the epidermis at 30 min, in-
creasing further at 4 and 24 h (Fig 2D–G). The CHOP signal
remained elevated throughout the epidermis even after 3 d,
a time when the original keratinocyte cell layers were being
eliminated from the surface of the epithelium (Fig 2H, arrow).
Based upon our previous demonstration that SBC for-
mation begins 4 h or more after UVB in this system (Kane
and Maytin, 1995), it appeared that CHOP may coincide
with the onset of apoptosis. To address this question we
used a second marker of apoptosis, namely the appearance
of activated caspase-3. By staining with an antiserum that
primarily recognizes the cleaved form of caspase-3, a mod-
erate increase in signal was noted in the expected cyto-
plasmic location at 30 min (Fig 2J) and 4 h (Fig 2K). By 24 h
after UVB, the caspase-3 signal was very pronounced and
highly concentrated in scattered, shrunken cells whose
morphology was consistent with SBC (Fig 2L). To ask
whether CHOP induction after UVB might correlate with
events in the ER, staining for Grp78 revealed a time-de-
pendent increase in this marker of ER stress (Fig 2M–P). The
staining of keratin 14 (K14), a protein not expected to
change significantly after UVB, served as an invariant con-
trol (Fig 2Q–T). To confirm the overall visual impressions, a
semiquantitative analysis of all the experiments mentioned
above was performed using image processing of digital
fluorescence micrographs (Fig 3). The graphs illustrate the
relative time courses of induction for CHOP and for the
markers of apoptosis and ER stress, and confirm that UVB
causes highly significant increases in the overall amounts of
CHOP in the epidermis following irradiation. CHOP remains
elevated for at least 5 d after UVB, long after keratinocytes
apoptosis has occurred, suggesting that CHOP may have a
role in epidermal recovery.
UVB exposure leads to a redistribution of CHOP from
nuclear to cytoplasmic locations Prior to UVB irradiation,
the intracellular distribution of CHOP in unirradiated skin is
primarily nuclear (Fig 2D). But by 24 h after UVB exposure,
CHOP appears to shift to a predominantly cytoplasmic lo-
cation (Fig 2G,H). To confirm this impression, high-resolu-
tion confocal microscopy was used to examine specimens
that had been double labelled for CHOP and Grp78 (Fig 4).
At 30 min after UVB, the distribution of CHOP was nuclear
(Fig 4A) and completely distinguishable from the cytoplas-
mic localization of Grp78 (Fig 4B). At longer times after UVB
(i.e. after 24 h), CHOP appeared to redistribute into the cy-
toplasm (Fig 4D) with only a few CHOP-expressing nuclei
remaining. The abundant regions of cytoplasm that showed
costaining of CHOP and Grp78 (yellow–orange color) con-
firms that CHOP accumulates in keratinocytes in a perinu-
clear location, consistent perhaps with the ER and/or the
Golgi.
Biochemical conﬁrmation of CHOP accumulation in the
living epidermis in vivo To strengthen the observation of
changes in CHOP seen on histological sections, we exam-
ined levels of CHOP utilizing a second approach, immuno-
precipitation (IP) followed by western blotting (Fig 5).
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Western blots alone were unable to detect the low-abun-
dance CHOP in whole-skin samples because abundant in-
soluble components interfered with SDS-PAGE (i.e., caused
smears on westerns). IP experiments in which mouse skin
extracts were mixed with a polyclonal antibody against the
C-terminal portion of human CHOP, followed by immuno-
blotting with a monoclonal antibody raised against full-
length mouse CHOP, detected a specific band that was el-
evated at 0.5 h and gradually increased at 4 and 24 h (Fig 5).
Note that the IP analysis was performed using long SDS-
PAGE gels to resolve the CHOP from the abundant, poten-
tially interfering fragment of IgG at 30 kDa (Fig 5, compare
arrows).
UVB-irradiated keratinocytes in culture fail to show in-
duction of CHOP To begin to explore mechanisms for
CHOP upregulation in the intact skin, we asked whether
UVB might induce CHOP in cultured keratinocytes. BALB/
MK keratinocytes were irradiated in the traditional way, i.e.,
the culture media was removed and replaced with clear
phosphate-buffered saline (PBS) (Fig 6A, ‘‘UVB’’). To our
chagrin, UVB-exposed cells showed a decrease rather than
an increase in CHOP expression when compared with dish-
es receiving PBS alone (Fig 6A, compare ‘‘PBS’’ and ‘‘UVB’’
lanes). BALB/MK cells were capable of mounting a CHOP
response, since tunicamycin (TUN) (a drug known to cause
ER stress) stimulated a large increase in CHOP (Fig 6A,
‘‘TUN’’). Unexpectedly, cells exposed to PBS alone also
showed a strong CHOP induction as compared with control
dishes left undisturbed in complete media (Fig 6A, compare
‘‘PBS’’ and ‘‘C’’). Thus, PBS exposure itself has a con-
founding effect, with even a short exposure to PBS (only
 3 min) inducing CHOP in the keratinocytes. Whether
CHOP induction represents a toxic effect of PBS or a sec-
ondary effect of growth factor deprival, remains unclear (see
Discussion).
To avoid this ‘‘PBS effect’’ during UVB exposure, we
modified the experiment to allow UVB exposure of cells
without changing the media. Dye-free keratinocyte culture
media (see Materials and Methods) allowed enough UVB to
reach the BALB/MK cells to provide comparable doses as
before, whereas eliminating the possibility of CHOP-induc-
tive effects because of media handling. Even under these
controlled conditions, results of UVB time-course experi-
ments revealed a gradual decrease in the expression of
CHOP at 0.5 and 4 h, with complete loss of expression by
24 h (Fig 6B, ﬁrst four lanes). TUN served as a positive
control (Fig 6B, ‘‘TUN’’). To confirm that UVB was actually
Figure 1
Sunburn cell formation and CHOP ex-
pression are increased in UVB-irra-
diated skin. UVB exposure leads to
formation of apoptotic cells (A, A0) and
elevated levels of C/EBP-homologous
protein (CHOP) in frozen sections from
murine (B–D) and human (E–G) epidermis.
Hairless mice were exposed to 80 mJ per
cm2 UVB on the right flank (panels A–D),
whereas the left flank of the same animal
remained unexposed (sham-irradiation,
A0–D0). At 24 h, skin from each site was
biopsied for hematoxylin and eosin stain-
ing, revealing numerous apoptotic sun-
burn cells in the UVB-exposed epidermis
(panel A, arrows). To measure CHOP, fro-
zen 5 mm sections of mouse skin (B–D,
B0–D0) were incubated with CHOP antise-
rum followed by a Cy3-conjugated sec-
ondary antibody. The flank exposed to 80
mJ per cm2 UVB (panels B–D) showed an
increase in CHOP-specific fluorescence
(yellow–orange signal) at 30 min and 24 h,
as compared with skin from the untreated
flank (panels B0–D0). Human skin speci-
mens from frozen buttock skin were
analyzed using the same techniques as
for murine skin. The examples shown here
are from Subject #3 at 0 h (panel E), 8 h
(panel F), and 24 h (panel G) after irradi-
ation with 168 mJ per cm2 (3 MED) of
UVB. Arrows, apoptotic cells. Scale bars,
50 mm.
CHOP/GADD153 AND UVB-INDUCED APOPTOSIS IN VIVO 325125 : 2 AUGUST 2005
capable of causing damage to the BALB/MK cells, the ex-
pression of caspase-3 (a marker for apoptosis) was exam-
ined. An antibody to caspase-3 that detects the active,
cleaved form as well as the procaspase form revealed the
appearance of the cleavage product (p20) at 24 h after UVB
exposure (Fig 6C, fourth lane). Thus, apoptosis occurred
despite the absence of any increase in CHOP expression at
24 h in these cells.
The discrepancy between induction of CHOP in the skin
versus lack of induction in the keratinocytes prompted us to
rule out two possibilities: (i) the BALB/MK might fail to re-
spond to UVB because they are an immortalized cell line,
and (ii) the UVB dose that we were using might be too high
(overstressing the normal cellular machinery). To address
the first possibility, primary mouse keratinocytes (PMK)
were isolated from newborn mice, and to address the sec-
Figure 2
Detailed time-course study of expression of C/EBP-homologous protein (CHOP), activated caspase-3 and Grp78 in paraffin sections from
mouse skin UVB irradiated in vivo. SKH-1 mice were exposed to UVB (80 mJ per cm2), sacrificed for skin biopsy at the times indicated, and
processed for paraffin sectioning and immunofluorescent detection of CHOP (panels A–H), activated caspase 3 (panels I–L), Grp78 (panels M–P), or
keratin 14 (invariant control; panels Q–T). To demonstrate specificity of the CHOP signal (panel A, 24 h after 80 mJ per cm2), the CHOP antiserum
was first treated with 2 mg (panel B) or 20 mg (panel C) of an epitope-specific peptide, which reduced or eliminated the CHOP signal. See text for
further description. For all panels, identical exposure times were used for digital image-capture of the fluorescent signal. Scale bars, 50 mm.
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ond, careful UVB dose-survival experiments were per-
formed with the PMK (Fig 7). Cell survival was assessed
at 24 h by the FDA/EB (‘‘live/dead’’ cell assay). Increases in
cell death after UVB were both time and concentration de-
pendent, with differences between UVB doses becoming
statistically significant at 4 and 24 h (Fig 7A). The lethal dose
(LD50) for UVB-induced lethality was 40 mJ per cm
2. Based
upon this, CHOP expression was analyzed under sub-lethal,
LD50, and supra-lethal conditions (Fig 7B). Results resem-
bled the data from BALB/MK cells. In the PMK, no increase
in CHOP expression was observed with 20 and 40 mJ per
cm2 (Fig 7B, top two panels). At the 80 mJ per cm2 dose,
CHOP increased slightly at 30 min, then gradually disap-
peared by 24 h. At the latter dose, an additional smaller
peptide (  24 kDa) was recognized by polyclonal anti-
CHOP antibody and may represent a CHOP degradation
product. Further characterization will be needed to confirm
the origin of this band (Fig 7B, white arrowheads). Impor-
tantly, exposure of the primary keratinocytes to 80 mJ per
cm2 led to the appearance of the active form of caspase-3
at 24 h (Fig 7C), in agreement with the data from BALB/MK
(Fig 6C) and with the 480% apoptotic cells in the live/dead
cell assay (Fig 7A). Because UVB does not induce CHOP in
Figure 3
Quantification of changes in gene expression following UVB
exposure. Quantification of signal intensity in histological specimens
from skin of mice (A–D) or human volunteers (E). Epidermal sections
were immunostained for C/EBP-homologous protein (CHOP) (A, E),
activated caspase-3 (B), Grp 78 (C), or keratin 14 (D). Images of skin
sections, biopsied after UVB (80 mJ per cm2 for mice, 3 MED for hu-
mans) at the times indicated, were captured by epifluorescence mi-
croscopy, and the integrated fluorescent intensity was determined (see
Materials and Methods). Data are expressed as -fold induction relative
to unexposed skin. In panels (A–D), each bar represents the
mean  SD of data pooled from two mice at each time point, with
three to five digital images per biopsy. In panel (E), data from three
people were pooled. For 0 and 8 h, data are from all the subjects (three
biopsies, three paraffin sections/biopsy) and the bars represent
mean  SEM. Data at 4 and 24 are derived from single patients (mean
of three sections). Asterisk, this difference is statistically significant by
one-sided Student’s t test at the po0.005 level.
Figure4
UVB causes a nuclear-to-cytoplasmic redistribution of C/EBP-ho-
mologous protein (CHOP) in epidermal keratinocytes. Histologic
sections from murine skin biopsied at 30 min (A–C) or 3 d (D–F) after
UVB exposure (80 mJ per cm2) were simultaneously immunostained for
CHOP (green) and for Grp78 (red), and imaged with a  63 objective
by confocal microscopy. Grp78 was located in the cytoplasm (B, E). For
CHOP, the predominantly nuclear pattern at 30 min (A) changed to a
ring-shaped cytoplasmic pattern at 3 d (D), with colocalization of CHOP
and Grp78 evident at the yellow–orange regions in the overlay (E).
Dotted lines, dermal–epidermal junction. Scale bar, 20 mm.
Figure5
UVB light induced accumulation of C/EBP-homologous protein
(CHOP) in vivo is confirmed by immunoprecipitation from lysates
of mouse epidermis. Mice were exposed to UVB (80 mJ per cm2) on
their dorsal flanks, euthanized, and biopsied at the times indicated, and
proteins extracted from epidermis as described in Materials and Meth-
ods. Proteins immunoprecipitated with polyclonal anti-CHOP antisera
were run on long PAGE gels (to allow separation from the 30 kDa
immunoglobulin fraction, bracket), and then analyzed on western blots
using a different antiserum (monoclonal anti-CHOP). The CHOP-spe-
cific band at 27 kDa (arrow) is increased at 0.5 h after UVB, and con-
tinues to increase at 4 and 24 h. The 30 kDa molecular weight marker
(dotted circle) is indicated.
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cultured primary keratinocytes but does induce caspase-3
cleavage, CHOP induction per se is not an absolute pre-
requisite for apoptosis to occur in cultured keratinocytes.
Discussion
In this paper we have shown that UVB light induces the
expression of CHOP, a transcription factor implicated in the
regulation of apoptosis in the skin. CHOP levels increase
several hours prior to the onset of apoptosis in the skin of
mice and humans in vivo. In murine skin, CHOP is increased
at 30 min and becomes nearly maximal at 4 h (Fig 3), a time
when apoptotic keratinocytes are just starting to appear
(Kane and Maytin, 1995). Both SBC formation (Danno and
Horio, 1987; Kane and Maytin, 1995) and caspase-3 cleav-
age become maximal by 24 h, when an intense signal for
cleaved caspase-3 can be seen preferentially in shrunken
epidermal cells (Fig 2L). Because the changes in CHOP
precede the onset of apoptosis, CHOP might be involved in
events preparatory to apoptosis, for example, in modulating
the expression of procaspases. In human skin, our data
show a time course for CHOP induction very similar to the
time course in mice (Figs 1 and 3). Although based upon a
limited number of human subjects, the data clearly establish
that induction of CHOP after UVB occurs in human skin as
well as in rodents.
The development of two detection techniques described
in this report was necessary in order to build a conclusive
case regarding CHOP responses in the skin. The problem of
poor tissue morphology in frozen histological sections was
surmounted by developing an epitope recovery technique
for detecting CHOP on paraffin sections (see Materials and
Methods). The improved approach revealed interesting
changes in the localization of CHOP in both the cytoplasm
and nuclei of keratinocytes responding to UVB. The second
critical technique developed here was an IP method to allow
detection of low amounts of CHOP transcription factor iso-
lated from native skin (Fig 5). CHOP induction measured
with either of these two techniques gave essentially iden-
tical results, leaving little doubt that UVB causes a rapid and
significant increase in CHOP levels in the epidermis.
Changes in total protein levels may not be the only way
that CHOP functionality is altered. UVB causes a profound,
time-dependent redistribution of CHOP within cells of the
epidermis (Fig 4). Initially nuclear in undisturbed keratin-
ocytes, CHOP appears to relocate to perinuclear sites that
appear to include perinuclear organelles such as the ER and
Golgi (i.e., the constituents of endomembrane system). The
functional significance of these changes as well as the
mechanisms for protein translocation and accumulation,
remain unknown. For translocation, altered protein phos-
phorylation may be involved. CHOP has several stress kin-
ase-responsive phosphorylation sites (Wang and Ron,
1996), and other C/EBP family members such as C/EBPb,
also undergo nuclear-to-cytoplasmic translocation upon
phosphorylation (Metz and Ziff, 1991). The functional impli-
cation of translocation is that CHOP, a transcription factor
normally present in the nucleus along with its major het-
erodimerization partner C/EBPb, appears to leave the nu-
cleus and can therefore no longer perform its usual
functions there.
Indeed, it seems likely that CHOP subserves a different
set of functions in the cytoplasm after UVB. Interestingly,
the cytoplasmic accumulation of CHOP appears to coincide
well with recent evidence about the role of CHOP in
apoptosis and ER stress. In the ER stress response, the ER
becomes overloaded with newly synthesized proteins, an
ER transmembrane protein called IRE1 is activated (Wang
et al, 1998), and a series of subsequent events cause
downregulation of overall protein translation but still permit
the selective translation of the CHOP gene (Harding et al,
2000a). Recent studies describe the role of UV in causing
ER stress and upregulating several ER stress-related genes
such as PERK, Gcn2 kinase, and NFkB, leading to in-
creased eIF-2a phosphorylation and inhibiting general
translation (Deng et al, 2002; Wu et al, 2002; Jiang and
Wek, 2005). For example PERK, an eIF-2a kinase, orches-
trates the unfolded protein response by phosphorylating
eIF-2a thereby, shutting down general translation, and se-
Figure 6
Culture conditions are critical in the study of C/EBP-homologous
protein (CHOP) expression in keratinocytes. Panel A: BALB/MK
keratinocytes were either maintained in EMEM medium (control, C) or
exposed to tunicamycin (TUN) at 20 mg per mL for 6 h, ultraviolet light
(UVB) at 80 mJ per cm2 in clear saline, or saline alone (PBS), then
incubated a further 6 h prior to harvest and analysis by western blotting.
Panel B: the BALB/MK cells were UVB irradiated (80 mJ per cm2) in
dye-free EMEM medium, and harvested for western blot analysis at the
times indicated. Panel C: western blot from the same cell lysates as in
panel (B), analyzed with an antiserum to caspase 3. Arrow, location of
the 20 kDa band corresponding to the cleaved caspase-3. Doublet
bands at  45 kDa in all lanes (asterisk) are most likely nonspecific,
whereas the strong band above 45 kDa probably represents proca-
spase-3 despite its anomalously slow apparent migration on our SDS-
PAGE gels.
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lectively upregulating the translation of selected mRNA
of certain stress-remedial genes including ATF4 (Harding
et al, 2000b, 2003). Upregulation of ATF4 then leads to
the induced expression of the proapoptotic transcription
factor CHOP (Harding et al, 2002). In our experiments, high
levels of perinuclear and cytoplasmic CHOP in the epider-
mis might reflect high rates of CHOP synthesis on ribo-
somes.
Given the existence of the connections between CHOP
and proapoptotic pathways mentioned above, two obser-
vations in our studies are quite intriguing. First, UVB ap-
pears to increase ER stress in the epidermis, as measured
by the rise in Grp78 within epidermal cells (Fig 2M–P). Sec-
ondly, the fact that CHOP is observed in areas correspond-
ing to the ER (colocalized with Grp78, see Fig 4) leads to
speculation that perhaps CHOP might be performing some
specific functions there.
The finding that CHOP is not inducible by UVB in cul-
tured keratinocytes seemed surprising at first, but is actually
consistent with many previous observations. Historically,
the inducibility of CHOP by UV light has been controversial.
After gadd153 was first described as a damage-inducible
transcript (Fornace et al, 1989; Luethy et al, 1990), the role
of UV light was called into question by the finding that ir-
radiation of cultured cells by UVC did not lead to increased
levels of CHOP mRNA unless the cells were also subjected
to conditions of glucose deprivation (Wang et al, 1996).
Early reports of UV induction of gadd153 transcripts, it was
suggested, might have been largely the consequence of
hypoxia or nutrient deprivation during cell handling. Also,
Schmitt-Ney and Habener (2000) showed that CHOP mRNA
expression is inhibited by UVC, mediated through a se-
quence element present in the mRNA itself. Early in our own
studies, we encountered an experimental problem; simply
changing the culture media and replacing it with PBS
proved to be a strong inductive stimulus for CHOP. We
reasoned that depriving cells of prosurvival factors normally
present in serum might be contributing to ER stress. To
circumvent this, we removed phenol red from the complete
media to enhance UVB penetration to the cells whereas
avoiding any media changes during the experiment. UVB
doses were calibrated in terms of dose–response survival
curves (Fig 7A). Now, under conditions free from ER stress,
we could conclude that CHOP does not increase after UVB
in cultured keratinocytes, whether in primary cells (Fig 7B)
or an immortalized line (Fig 6B).
The lack of CHOP induction in cultured keratinocytes,
despite a robust induction in the epidermis after UVB, could
be because of a number of potential mechanisms that will
require further experimentation to rule in or out. One global
explanation to consider is that differences in relative spec-
tral wavelengths between the two light sources used in our
studies (FS36T12 bulbs for the human subjects, smaller
bulbs from a different manufacturer for the mouse and cul-
tured cells studies) might account for the differential induc-
tion between intact skin and cells. The small contaminating
amount (  10%) of UVC did not seem to be important,
since CHOP induction was observed in the intact mouse
skin but never observed in the cultured mouse keratin-
ocytes, either in the absence or presence of a UVC filter
(data not shown). More interesting is the question of wheth-
er the relative contributions from UVB and UVA (280–320
nm) in the incident light (74% and 16%, respectively) might
have contributed to the unresponsiveness of cultured cells.
Published reports that both UVA (Mahns et al, 2003) and
UVB (Chang et al, 2003) can lead to the production of hy-
drogen peroxide and other reactive oxygen species, and
other reports showing that H2O2 can inhibit CHOP expres-
sion at supra-lethal peroxide levels in primary neuronal
cell cultures (Paschen et al, 2001), together suggest that
Figure 7
Examination of C/EBP-homologous protein (CHOP) expression in primary murine keratinocytes (PMK) in vitro. (A) Plot of cell survival versus
time after UVB exposure of primary keratinocytes (80%–90% confluency). At 24 h after UVB, cultures were assayed for survival using the FDA/EB
assay (Maytin et al, 1993). Each curve was obtained at a different UVB dose: 20 mJ per cm2 (circles), 40 mJ per cm2 (squares), or 80 mJ per cm2
(triangle). Data points represent the mean  SD of four to six digital fields,  300 cells counted per field. This experiment was performed twice with
similar results. (B) Western blots for CHOP expression in keratinocyte cultures exposed to the same UVB doses as in panel (A), namely: sub-lethal
(oLD50),  50% lethal dose (LD50), supra-lethal, (4LD50). A positive control lane at the upper right, from PMK incubated 6 h with 20 mg per mL
tunicamycin, demonstrates CHOP inducibility (TUN). Black arrows, 27 kDa native CHOP; white arrows, 24 kDa suspected degradation product. (C)
Western blot, using antiserum to caspase-3, shows that caspase cleavage is detectable at 24 h under conditions that fail to induce CHOP. The
active, cleaved form of caspase-3 (p20) is indicated. Asterisk, location of putative procaspase-3 band at 24 h.
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suppression of CHOP inhibition by peroxide could be
occurring. This would imply, however, that antioxidant
mechanisms missing from the cultured cells are operative
in the intact skin, thereby counteracting CHOP suppression
by peroxide. We favor another type of explanation. In mam-
malian cells, a variety of environmental stresses are recog-
nized by a family of four different intracellular protein
kinases (GCN2, PEK, PKR, and HRI) that phosphorylate
eIF2, a eukaryotic initiation factor that suppresses general
protein synthesis and thereby prevent overloading the ER
with damaged or improperly folded proteins (the so-called
‘‘ER stress response’’), with the ultimate induction of CHOP/
gadd153 via a pathway that involves the transcription factor
ATF4 (Harding et al, 2002). Recently, subtle differences in
specificities of these stress pathways are emerging. Thus,
PEK appears to mediate the response to thapsigargin or
TUN (classic ER stress inducers), whereas GCN2 mediates
the response to nutritional deprivation (Jiang et al, 2004). Of
relevance here, it was recently shown that UVC and UVB
light activate GCN2 in cultured murine embryonic fibro-
blasts (MEF), thereby leading to phosphorylation of eIF2.
UVC and UVB have little effect upon PEK, the classic ac-
tivator of the ER stress pathway (Jiang and Wek, 2005).
Despite phosphorylation of eIF2 after UV irradiation, the
MEF failed to show any increased expression of ATF4 nor of
CHOP/gadd153, either in the absence of presence of GCN2
in the fibroblasts. In contrast, another UV-responsive tran-
scription factor, ATF3 was shown to be induced by UV light
as a positive control (Jiang and Wek, 2005). Thus, just as in
our murine keratinocytes, the MEF seem to have an intrinsic
difference in the intracellular pathways leading to CHOP
expression following classic ER stress (e.g., TUN) versus no
CHOP expression following UVC or UVB. We plan to pursue
the molecular basis for these differences in keratinocytes in
future experiments.
The lack of CHOP inducibility in cultured cells might lead
one to conclude that CHOP has no relationship to cellular
UVB damage responses, particularly since apoptosis clearly
occurs after UVB exposure in murine keratinocytes (Figs 6
and 7) or human keratinocytes (Sitailo et al, 2002). But in the
face of a negative CHOP response to UVB in cultured cells,
our demonstration of a marked CHOP accumulation in the
epidermis in vivo becomes all the more significant. Induc-
tion of CHOP in the intact epidermis implies that one or
more conditions required for CHOP induction are missing in
the monolayer cultures. Such factors might relate to archi-
tectural elements found only in tissue. For example, kera-
tinocytes might only express the correct CHOP gene
regulation program when oriented in the polarized, three-
dimensional environment of the epidermis; or, paracrine
factors such as cytokines or growth factors derived from
stromal fibroblasts and vascular elements might be re-
quired. A broader implication is that gene-regulatory re-
sponses to UVB damage can be dramatically different in the
native skin than in isolated cell culture. CHOP, whose ex-
pression we now know to be strongly upregulated in the
epidermis in parallel with keratinocyte apoptosis and with
markers of ER stress, may very well play a role in UVB
damage responses in skin keratinocytes in vivo, despite the
unresponsiveness of CHOP gene expression to UVB in cul-
tured cells.
In summary, upregulation of CHOP is a strong, consist-
ent, and rapid response to UVB in the skin, occurring as
early as 30 min post-exposure. Therefore, CHOP induction
represents an early bioindicator of UVB damage in vivo. The
changes in the intracellular localization of CHOP described
in this report are likely to be physiologically significant, since
CHOP can act not only as a transcription factor (Ron and
Habener, 1992; Ubeda et al, 1996) but also via protein–pro-
tein interactions with other polypeptides in the nucleus
(Ubeda et al, 1999) and cytoplasm (Cui et al, 2000). We
expect that one or more roles for CHOP in cutaneous
apoptosis or other adaptive responses will be elucidated by
future experimentation in UVB-damaged skin.
Materials and Methods
UVB irradiation sources The fluorescent lamps used for the ir-
radiations, i.e., FS36T12-UVB standard phototherapy bulbs for
human skin, and RPR-3000A bulbs (Southern New England Ultra-
violet, Branford, Connecticut) for mouse skin and for mouse ker-
atinocyte cultures, were very similar but not identical in spectral
output. The percentages of total irradiance in the UVA/UVB/UVC
ranges, calculated from the spectral irradiance curves for the
FS36T12 and RPR-3000A bulbs, were 30%/67%/3% and 16%/
74%/10%, respectively. Therefore, over two-thirds of the output
was UVB, and 490% was in the combined UVA plus UVB range.
In studies of intact mouse skin, UVC was filtered out in some
studies (Fig 1) and not in others, for purposes of comparison (Figs
2 and 5); marked induction of CHOP was seen under either con-
dition. For UVB exposures of human skin in our clinics, no UVC
filtration was used. For keratinocyte monolayers in culture, UVC
was always removed by interposing a UVC-absorbing filter (Kod-
acel Kodak, Rochester, New York) between the fluorescent bulbs
and the cultures.
UVB irradiation protocols SKH-1 mice, 5–8 wk of age, were
purchased from Charles River Breeding Laboratories (Wilmington,
Massachusetts) and used prior to 6 mo of age. Each mouse was
anesthesized by intraperitoneal injection of Pentobarbital (50 mg
per kg), laid on its left side, and an opaque mask with three square
openings (each 10  10 mm) was placed along the animal’s right
flank. Mice were placed on a horizontal platform and rotated be-
neath the bulbs during exposure, thus eliminating variations that
might occur because of nonhomogeneities in the illumination field.
After exposure, the mice were kept on a warm (371C) surface to
prevent hypothermia, and were returned to their cage upon awak-
ening. At defined times after exposure, the animals were euthani-
zed by CO2 inhalation, and skin biopsies performed immediately.
All described studies were approved by the Institutional Ani-
mal Care and Use Committee (IACUC) of the Cleveland Clinic
Foundation.
Cryopreserved human skin specimens, archived from a clinical
study performed by Dr Taylor (Massachusetts General Hospital,
Boston) were examined for expression of CHOP. That study was
approved by the Institutional Review Board, was conducted in ac-
cordance with the Declaration of Helsinki Principles, and the pa-
tients gave written informed consent. Using the buttock skin of
volunteers, the minimal erythemal dose (MED) was first obtained
for each subject. Then, several 1 cm squares of skin were exposed
through an aluminum foil template at a dose of three times the
MED. For the unirradiated control, one square of the template was
kept covered. Immediately after exposure, punch biopsies (4 mm
diameter) of lidocaine-anesthesized skin were taken, first from the
control site and then from irradiated sites at 4, 8, and 24 h. A
portion of each biopsy was frozen in OCT cryopreservation com-
pound and kept at 801C until the time of the CHOP study. In early
1999, cryosections (5 mm) were made and stained with hematoxylin
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to assess their morphological integrity; any cryopreserved
blocks that showed evidence of deterioration were discarded.
Immunofluorescent staining of sections from the remaining blocks
was performed using the CHOP antisera and Cy3-fluorescent
probe described below. Loss of CHOP-specific signal in the study
specimens was judged to be minimal by comparison with frozen
sections from newly obtained human skin stained together with
the study specimens. Quantitation of the CHOP-specific signal
was performed on digital micrographic images, as descried
below. To correct for any random variation in CHOP expression
in the epidermis, all signals were normalized to CHOP present
deep within the hair follicles (Maytin and Habener, 1998; Bull
et al, 2002), a location where minimal UVB penetration is
expected.
Demographic data on human subjects are as follows: subject 1,
male, age 47 y, Fitzpatrick skin type 2, MED 40 mJ per cm2; sub-
ject 2, male, age 34 y, skin type 2, MED 28 mJ per cm2; subject 3,
female, age 31 y, skin type 3, MED 56 mJ per cm2.
For cultured keratinocytes, a similar protocol of UVB exposure
was used to expose cells maintained in dye-free culture medium in
60 mm dishes. At defined time points after UVB, cells were
scraped, centrifuged, washed with ice cold PBS, and stored dry at
801C.
Histology and immunohistochemistry For histological studies,
samples from control or irradiated skin from the mice (matched for
age and sex within a given experiment) were fixed overnight in
Histochoice MB fixative (Amresco, Solon, Ohio), rinsed in 70% et-
hanol, dehydrated in successively higher grades of ethanol, rinsed
in xylene, infiltrated with two successive immersions in a mixture of
xylene and paraffin (1:1), and finally embedded in a fresh paraffin
medium. Sections (5 mm) were cut, deparaffinized in xylene, rehy-
drated through decreasing grades of alcohol, and placed in PBS.
Hematoxylin and eosin staining was performed by standard meth-
ods. For immunohistochemical detection, polyclonal rabbit antise-
ra were purchased for CHOP/gadd153 (Santa Cruz Biotech, Santa
Cruz, California), activated caspase-3 (BioVision, Palo Alto, Cali-
fornia), and mouse K14 (Covance; Berkeley Antibody, Richmond,
California). Goat polyclonal anti-Grp78 was from Santa Cruz
Biotech. The secondary Cy3-conjugated donkey anti-rabbit IgG,
FITC-conjugated donkey anti-rabbit IgG, and Rhodamine Red X-
conjugated donkey anti-goat IgG antisera were from Jackson
ImmunoResearch (West Grove, Pennsylvania). An antigen retrieval
step was found to be necessary in all cases except for keratin 14.
Epitopes were unmasked by incubating rehydrated sections in
Retrieve-All buffer, pH 9.5 (Signet Labs, Dedham, Massachusetts)
for 30 min at 961C. For CHOP detection, an additional treatment
with 0.1% Triton-X 100 for 10 min at 41C was needed to promote
access to the nucleus. For detection of cleaved caspase-3, an
additional step in which waxed slides were preheated at 601C for 2
h prior to deparaffinization, was found helpful to achieve an optimal
signal. All slides were blocked with 3% normal donkey serum for
30 min at room temperature, then incubated overnight in the pri-
mary antisera (at the concentration specified below, in PBS), rinsed
in PBS for 5 min  3, incubated with Cy3-conjugated donkey anti-
rabbit IgG (1:1500) for 4 h at room temperature, rinsed in PBS, and
mounted in 30% glycerol for viewing under the epifluorescence
microscope. Concentrations for the primary antisera in saline
were as follows: CHOP (1:50), active caspase-3 (1:20), keratin 14
(1:500).
Confocal microscopy was performed on paraffin sections dou-
ble-stained with rabbit antisera to CHOP (1:50) and goat antisera to
Grp78 (1:50), and then labeled with the corresponding fluorescein-
or rhodamine-conjugated secondary antisera (1:1500). These sec-
tions were imaged using a Leica TCS-SP laser-scanning confocal
microscope (Leica, Heidelberg, Germany).
For antibody-depletion experiments, 200 mL aliquots of CHOP
antiserum (diluted 1:50 in PBS) were incubated with 2 or 20 mg of a
blocking peptide (20 amino acids from the carboxy terminus of
human gadd153, cat. no. sc-793P from Santa Cruz Biotech) at 41C
for 1 h, with gentle rocking, prior to use in the immunostaining
protocol.
Computer-assisted analysis of histological data For quantita-
tive analysis of immunolabelled skin sections, high-power (  400)
epifluorescent images were captured using an Olympus BX-50
microscope attached to a Polaroid DMC-2 digital camera. The
digital TIFF files were analyzed using IPLab Spectrum software
(Signal Analytics, Vienna, Virginia). The epidermal area was traced
out, and the integrated signal intensity within this region of interest
was obtained and expressed as the mean intensity per pixel. To
adjust for small differences in background staining between slides
from different experiments, a region from the dermis on each slide
was traced out, and its mean integrated intensity was used as a
correction factor to normalize the epidermal intensity values across
all experiments. For human skin specimens, where dermal back-
ground was quite high, the epidermal signal was normalized to the
intensity of CHOP in the deep hair follicles. The mean epidermal
intensity value from non-irradiated skin was set at 1.0 (control), and
intensity values from later time points were expressed relative to
this non-irradiated control (i.e., -fold induction).
Cell culture Murine keratinocytes were prepared by the method of
Marcelo et al (1978), as described (Maytin, 1992). Briefly, newborn
mice (2–3 d old) were euthanized, skins removed, and keratin-
ocytes released by floating the skins overnight on 0.25% trypsin at
41C. The epidermis was peeled off and cells removed by gentle
scraping. Keratinocytes were purified from contaminating fibro-
blasts by centrifuging them through a Ficoll density step gradient
(12%, 15%, 18%, 20% Ficoll) at 41C at 258 g for 30 min, with basal
keratinocytes ending up in the bottom (20%) fraction. The kera-
tinocytes were washed and resuspended in custom-formulated
EMEM media (see recipe below) at a concentration of 5  106 cells
per 60 mm dish, then maintained in a 5% CO2 incubator at 371C
with daily media changes, and used for experiments within 7 d of
plating.
The transparent medium to reduce ER stress (i.e., permitting
UVB exposures without media changes) was custom made as fol-
lows. The following constituents (all from Invitrogen, Carlsbad,
California except where noted) were added to a final volume of 1
liter: 100 mL of 10  salt solution, 1 g of glucose, appropriate
amounts of stock MEM non-essential amino acids, MEM vitamins,
MEM amino acids, and antibiotic–antimycotic mix (the latter four
items diluted to 1  ), 100 mL of Chelex-treated fetal bovine serum
(Maytin et al, 1993), epidermal growth factor (Collaborative Re-
search, Bedford, Massachusetts; 10 ng per mL final), and 45 mL of
1 M CaCl2. Sodium hydroxide (1 N) was used to adjust the pH of
medium to 7.0–7.2. The 10  salt solution was prepared by adding
4 g of KCl, 2 g of MgSO4-H2O, 68 g of NaCl, 22 g of NaHCO3, and
1.4 g of NaH2PO4-H2O to a final volume of 1 liter. The calcium
concentration of the final medium was 0.07 mM.
BALB/MK keratinocytes were maintained in low-calcium EMEM
medium supplemented with antibiotics and 10% Chelex-treated
fetal bovine serum (FBS) as described (Maytin et al, 1993).
Estimation of LD50 for mouse primary keratinocytes (live/dead
assay) Culture dishes containing mouse primary keratinocytes
(  80%–90% confluent) were exposed to 10, 20, 40, 60, 80, and
100 mJ per cm2 of UVB. Unexposed dishes were used as control.
At 24 h post-exposure, cells were washed with PBS, and an FDA-
EB cocktail (50 mg per mL fluorescein diacetate and 4 mg per mL
ethidium bromide in PBS) was layered onto the cells (Maytin et al,
1993). After 2–3 min, the cells were observed under fluorescence
microscope using a FITC/TRITC filter. For each field, green (live)
and orange (dead) cells were counted using IP lab software (see
‘‘Computer-assisted analysis of histological data’’) and expressed
as a percent of total cells.
Western blot analysis Samples containing equal quantity of pro-
teins, as determined by Bradford’s method (Bio-Rad, Hercules,
California), were denatured in sample buffer (Invitrogen) for 10 min
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at 701C and resolved on a 4%–12% Bis-Tris acrylamide gel (In-
vitrogen) along with molecular size markers. Electrophoresis was
carried out at a constant voltage (200 V) at room temperature.
Proteins were electrophoretically transferred to Immobilon PVDF
membrane (Millipore, Bedford, Massachusetts), at a constant volt-
age (100 V) for 1 h at 41C. Following the transfer, the blot was
stained with Ponceau Red-S to check the efficiency of transfer,
blocked with 10% non-fat dry milk, incubated with a primary an-
tibody against CHOP (1:5000) or caspase-3 (1:1000) followed by
peroxidase-conjugated goat anti-rabbit IgG, and developed using
enhanced chemiluminescence reagents (ECL kit, Amersham Bio-
sciences, Piscataway, New Jersey) as described (Passi et al, 2004).
Immunoprecipitation Skin extracts from control and UVB-ex-
posed mice were prepared in 1% NP-40 buffer (1% NP-40, 1%
Triton X-100, 50 mM Tris, pH 7.5, 150 mM NaCl, 2 mM EDTA,
0.5 mM PMSF, 1 mM Na-Vanadate, 10 mg per mL pepstatin, 10 mg
per mL leupeptin each) as follows. Approximately 1 cm2 pieces of
skin were extracted with the 1% NP-40 buffer (1 mL) using a Po-
lytron T25 homogenizer at 41C. Lysates were centrifuged at 10,000
r.p.m. (9,300  g) at 41C for 30 min, and the supernatant was
processed for IP. Lysates were incubated with anti-CHOP poly-
clonal antibody (sc-793, Santa Cruz Biotech; 10 mL per reaction) for
4 h at 41C on a rotator, followed by purification of the antigen–
antibody complex by incubating with Protein A agarose (Invitrogen)
for 4 h at 41C. The mixture was then centrifuged at 10,000 r.p.m.
(9,300  g) for 10 s at 41C, and the beads washed twice with 1%
NP-40 buffer. Washed beads were treated with Laemmli buffer and
analyzed by western blot using anti-gadd153 monoclonal antibody
sc-7351, Santa Cruz Biotech; 1:2000 dilution), after running the
samples on a large apparatus (Hoefer SE-600, Amersham Biosci-
ences) to achieve separation of CHOP (27 kDa) from the small IgG
band. Westerns were developed by incubation with a peroxidase-
conjugated goat anti-mouse IgG followed by the ECL kit from
Amersham Biosciences (see ‘‘western blot analysis’’).
We thank Rodrigo Torres, MD, for his help in the quantification of
CHOP in frozen human skin sections, Nobuyuki Sato, MD, PhD and
Gati Ajani, MD for help in preparing keratinocyte cultures, and Julie
Pruneski for technical assistance. We thank Salvador Gonzalez, MD for
interest and encouragement in early pilot studies, Janice Brissette,
PhD (Cutaneous Biology Research Center, MGH, Boston) for providing
the recipe for dye-free EMEM keratinocyte media, and Judy Drazba,
PhD of the Lerner Research Institute’s Digital Imaging Core for help
with the confocal microscopy. This work was supported by a pilot grant
from the American Cancer Foundation, and by grants from the National
Institutes of Health (5R29-AR45430; P30-AR39750; and P01-
CA84203).
DOI: 10.1111/j.0022-202X.2005.23784.x
Manuscript received September 21, 2004; revised February 15, 2005;
accepted for publication February 24, 2005
Address correspondence to: Edward V. Maytin, MD, PhD, Biomedical
Engineering/ND-20, Cleveland Clinic Foundation, 9500 Euclid Avenue,
Cleveland, Ohio 44195, USA. Email: maytine@ccf.org
References
Arnal M, Solary E, Brunet-Lecomte P, Lizard-Nacol S: Expression of the gadd153
gene in normal and tumor breast tissues by a sensitive RT-PCR method.
Int J Mol Med 4:545–548, 1999
Bernstein H, Payne CM, Bernstein C, Schneider J, Beard SE, Crowley CL: Ac-
tivation of the promoters of genes associated with DNA damage, oxida-
tive stress, ER stress and protein malfolding by the bile salt,
deoxycholate. Toxicol Lett 108:37–46, 1999
Bull JJ, Muller-Rover S, Chronnell CM, Paus R, Philpott MP, McKay IA: Con-
trasting expression patterns of CCAAT/enhancer-binding protein tran-
scription factors in the hair follicle and at different stages of the hair
growth cycle. J Invest Dermatol 118:17–24, 2002
Chang H, Oehrl W, Elsner P, Thiele JJ: The role of H2O2 as a mediator of UVB-
induced apoptosis in keratinocytes. Free Radic Res 37:655–663, 2003
Crozat A, Aman P, Mandahl N, Ron D: Fusion of CHOP to a novel RNA-binding
protein in human myxoid liposarcoma. Nature 363:640–644, 1993
Cui K, Coutts M, Stahl J, Sytkowski AJ: Novel interaction between the tran-
scription factor CHOP (GADD153) and the ribosomal protein FTE/S3a
modulates erythropoiesis. J Biol Chem 275:7591–7596, 2000
Danno K, Horio T: Sunburn cell: Factors involved in its formation. Photochem
Photobiol 45:683–690, 1987
Deng J, Harding HP, Raught B, et al: Activation of GCN2 in UV-irradiated cells
inhibits translation. Curr Biol 12:1279–1286, 2002
Fornace AJ Jr, Alamo I Jr, Hollander MC: DNA damage-inducible transcripts in
mammalian cells. Proc Natl Acad Sci USA 85:8800–8804, 1988
Fornace AJ, Nebert DW, Hollander MC, et al: Mammalian genes coordinately
regulated by growth arrest signals and DNA-damaging agents. Mol Cell
Biol 9:4196–4203, 1989
Gange RW, Mendelson IR: Photoaugmentation in the hairless mouse: A study
using ornithine decarboxylase activity and alteration of DNA synthesis as
markers of epidermal response. J Invest Dermatol 77:393–396, 1981
Garmyn M, Yaar M, Boileau N, Backendorf C, Gilchrest BA: Effect of aging and
habitual sun exposure on the genetic response of cultured human ker-
atinocytes to solar-simulated irradiation. J Invest Dermatol 99:743–748,
1992
Garmyn M, Yaar M, Holbrook N, Gilchrest BA: Immediate and delayed molecular
response of human keratinocytes to solar-simulated irradiation. Lab In-
vest 65:471–478, 1991
Gilchrest BA, Soter NA, Stoff JS, Mihm MC Jr: The human sunburn reaction:
Histologic and biochemical studies. J Am Acad Dermatol 5:411–422,
1981
Harding HP, Calfon M, Urano F, Novoa I, Ron D: Transcriptional and translational
control in the Mammalian unfolded protein response. Annu Rev Cell Dev
Biol 18:575–599, 2002
Harding HP, Novoa I, Zhang Y, et al: Regulated translation initiation controls
stress-induced gene expression in mammalian cells. Mol Cell 6:
1099–1108, 2000a
Harding HP, Zhang Y, Bertolotti A, Zeng H, Ron D: Perk is essential for trans-
lational regulation and cell survival during the unfolded protein response.
Mol Cell 5:897–904, 2000b
Harding HP, Zhang Y, Zeng H, et al: An integrated stress response regulates
amino acid metabolism and resistance to oxidative stress. Mol Cell
11:619–633, 2003
Jiang HY, Wek RC: GCN2 phosphorylation of eIF2alpha activates NF-kappaB in
response to UV irradiation. Biochem J 385:371–380, 2005
Jiang HY, Wek SA, McGrath BC, et al: Activating transcription factor 3 is integral
to the eukaryotic initiation factor 2 kinase stress response. Mol Cell Biol
24:1365–1377, 2004
Johnson NF, Carpenter TR, Jaramillo RJ, Liberati TA: DNA damage-inducible
genes as biomarkers for exposures to environmental agents. Environ
Health Perspect 105 (Suppl. 4):913–918, 1997
Kane KS, Maytin EV: Ultraviolet B-induced apoptosis of keratinocytes in murine
skin is reduced by mild local hyperthermia. J Invest Dermatol 104:62–67,
1995
Korabiowska M, Cordon-Cardo C, Betke H, et al: GADD153 is an independent
prognostic factor in melanoma: Immunohistochemical and molecular ge-
netic analysis. Histol Histopathol 17:805–811, 2002
Kuroda M, Wang X, Sok J, et al: Induction of a secreted protein by the myxoid
liposarcoma oncogene. Proc Natl Acad Sci USA 96:5025–5030, 1999
Luethy JD, Fargnoli J, Park JS, Fornace AJ Jr, Holbrook NJ: Isolation and char-
acterization of the hamster gadd153 gene. Activation of promoter activity
by agents that damage DNA. J Biol Chem 265:16521–16526, 1990
Mahns A, Melchheier I, Suschek CV, Sies H, Klotz LO: Irradiation of cells with
ultraviolet-A (320–400 nm) in the presence of cell culture medium elicits
biological effects due to extracellular generation of hydrogen peroxide.
Free Radic Res 37:391–397, 2003
Marcelo CL, Kim YG, Kaine JL, Voorhees JJ: Stratification, specialization, and
proliferation of primary keratinocyte cultures. Evidence of a functioning in
vitro epidermal cell system. J Cell Biol 79:356–370, 1978
Matsumoto M, Minami M, Takeda K, Sakao Y, Akira S: Ectopic expression of
CHOP (GADD153) induces apoptosis in M1 myeloblastic leukemia cells.
FEBS Lett 395:143–147, 1996
Maytin EV: Differential effects of heat shock and UVB light upon stress protein
expression in epidermal keratinocytes. J Biol Chem 267:23189–23196,
1992
Maytin EV, Habener JF: Transcription factors C/EBP alpha, C/EBP beta, and
CHOP (Gadd153) expressed during the differentiation program of kera-
tinocytes in vitro and in vivo. J Invest Dermatol 110:238–246, 1998
332 ANAND ET AL THE JOURNAL OF INVESTIGATIVE DERMATOLOGY
Maytin EV, Murphy LA, Merrill MA: Hyperthermia induces resistance to ultraviolet
light B in primary and immortalized epidermal keratinocytes. Cancer Res
53:4952–4959, 1993
Maytin EV, Ubeda M, Lin JC, Habener JF: Stress-inducible transcription factor
CHOP/gadd153 induces apoptosis in mammalian cells via p38 kinase-
dependent and -independent mechanisms. Exp Cell Res 267:193–204,
2001
McCullough KD, Martindale JL, Klotz LO, Aw TY, Holbrook NJ: Gadd153 sen-
sitizes cells to endoplasmic reticulum stress by down- regulating Bcl2
and perturbing the cellular redox state. Mol Cell Biol 21:1249–1259, 2001
Metz R, Ziff E: cAMP stimulates the C/EBP-related transcription factor rNFIL-6 to
trans-locate to the nucleus and induce c-fos transcription. Genes Dev
5:1754–1766, 1991
Paschen W, Mengesdorf T, Althausen S, Hotop S: Peroxidative stress selectively
down-regulates the neuronal stress response activated under conditions
of endoplasmic reticulum dysfunction. J Neurochem 76:1916–1924, 2001
Passi A, Sadeghi P, Kawamura H, et al: Hyaluronan suppresses epidermal dif-
ferentiation in organotypic cultures of rat keratinocytes. Exp Cell Res
296:123–134, 2004
Rich T, Allen RL, Wyllie AH: Defying death after DNA damage. Nature 407:
777–783, 2000
Ron D, Habener JF: CHOP, a novel developmentally regulated nuclear protein
that dimerizes with transcription factors C/EBP and LAP and functions
as a dominant-negative inhibitor of gene transcription. Genes Dev 6:
439–453, 1992
Rosario R, Mark GJ, Parrish JA, Mihm MC: Histological changes produced in skin
by equally erythemogenic doses of UV-A, UV-B, UV-c, and UV-A with
psoralens. Br J Dermatol 101:299–308, 1979
Schmitt-Ney M, Habener JF: CHOP/GADD153 gene expression response to
cellular stresses inhibited by prior exposure to ultraviolet light wavelength
band C (UVC). Inhibitory sequence mediating the UVC response localized
to exon 1. J Biol Chem 275:40839–40845, 2000
Sitailo LA, Tibudan SS, Denning MF: Activation of caspase-9 is required for UV-
induced apoptosis of human keratinocytes. J Biol Chem 277:19346–
19352, 2002
Talukder AH, Wang RA, Kumar R: Expression and transactivating functions of the
bZIP transcription factor GADD153 in mammary epithelial cells. Onco-
gene 21:4289–4300, 2002
Thelin-Jarnum S, Goransson M, Burguete AS, Olofsson A, Aman P: The myxoid
liposarcoma specific TLS-CHOP fusion protein localizes to nuclear
structures distinct from PML nuclear bodies. Int J Cancer 97:446–450,
2002
Ubeda M, Vallejo M, Habener JF: CHOP enhancement of gene transcription by
interactions with Jun/Fos AP-1 complex proteins. Mol Cell Biol 19:7589–
7599, 1999
Ubeda M, Wang XZ, Zinszner H, Wu I, Habener JF, Ron D: Stress-induced bind-
ing of the transcriptional factor CHOP to a novel DNA control element.
Mol Cell Biol 16:1479–1489, 1996
Wang XZ, Harding HP, Zhang Y, Jolicoeur EM, Kuroda M, Ron D: Cloning of
mammalian Ire1 reveals diversity in the ER stress responses. EMBO J
17:5708–5717, 1998
Wang XZ, Lawson B, Brewer JW, et al: Signals from the stressed endoplasmic
reticulum induce C/EBP-homologous protein (CHOP/GADD153). Mol Cell
Biol 16:4273–4280, 1996
Wang XZ, Ron D: Stress-induced phosphorylation and activation of the tran-
scription factor CHOP (GADD153) by p38 MAP kinase. Science
272:1347–1349, 1996
Welihinda AA, Tirasophon W, Kaufman RJ: The cellular response to protein mis-
folding in the endoplasmic reticulum. Gene Exp 7:293–300, 1999
Wu S, Hu Y, Wang JL, Chatterjee M, Shi Y, Kaufman RJ: Ultraviolet light inhibits
translation through activation of the unfolded protein response kinase
PERK in the lumen of the endoplasmic reticulum. J Biol Chem 277:
18077–18083, 2002
Ziegler A, Jonason AS, Leffell DJ, et al: Sunburn and p53 in the onset of skin
cancer. Nature 372:773–776, 1994
CHOP/GADD153 AND UVB-INDUCED APOPTOSIS IN VIVO 333125 : 2 AUGUST 2005
